The study of metallic foams has become attractive to researchers interested in both scientific and industrial applications. The different production methods have not been widely utilized because of difficult process control and high production costs. A new easily-available agent for metal foaming, calcium carbonate, is suggested in this work. An established ion-exchange method was employed for a novel purposethe coating of calcium carbonate powder with fluoride for wettability enhancement. Effect of coating was considered by the examination of wetting behavior of coated and uncoated CaCO 3 by the Al melt. It was determined that coated carbonate produced metallic foam with density comparable to that of samples treated by titanium hydride (∼ 1 × 10 3 kg·m −3 ) and much less then the density of samples obtained by uncoated carbonate (1.7 × 10 3 kg·m −3 ). It was also observed that coated carbonate ensured aluminum foam with smaller pores (1.1 × 10 −3 m) than when the conventional foaming agent, titanium hydride, is used (1.8 × 10 −3 m). The present study shows that calcium carbonate is highly applicable to foamed metal production.
Introduction
High-performance light-weight structures are becoming a dominant feature in automotive technology and in all fields where effective utilization of energy for motion of any kind is important. This means that metal foams with low density and high rigidity are of increasing interest. Apart from the reduction in weight, a number of other aspects such as comfort, safety and material recycling also have to be considered. Methods to produce metal foams are already known and classified. 1, 2) Molten metal can be processed to a porous material by injecting gas into the melt 3) or by adding a foaming agent (FA) into it. 4) Two reasons why metal foams are not currently widely used are difficult process control and high production costs. From a technological viewpoint, a particular concern is the control of pore size, porosity level and the homogeneity of the foam. In order to meet the above requirements, a new easily available agent for metal foaming, calcium carbonate, is suggested instead of the conventional agent, titanium hydride. A homogeneous distribution of the powder agent in a melt can be achieved by enhancing the wetting of particles. This problem is usually solved by applying surface coating techniques used for different purposes such as in the production of metal matrix composite (MMC), 5) the bonding of ceramic components to metals, and in the manufacture of coated powders. 6) In this work, the ion-exchange process was employed for the novel purpose of coating calcium carbonate powder with fluoride. The present study aims to investigate the coating procedure, to compare the foaming ability of the conventional FA (TiH 2 ) with the new one (CaCO 3 ), and to elucidate the impact of surface phenomena occurring during melt foaming on the structure of solid foam.
Materials and Experimental Procedures

Powder coating technique and surface analysis
A commercial calcium carbonate powder with particle size of 7.5 µm was coated as follows. An aqueous solution containing NaF was prepared (Table 1) . 11.5 g of calcium carbonate powder was added to 115.5 mL of the solution, and the solution was stirred for different fixed times (Table 1) at 40
• C to induce the ion exchange reaction:
Since the solubility of CaCO 3 and CaF 2 in water is relatively low (Table 2) , these compounds exist in solution as solids, so that coating is possible. After stirring, the solution was filtered using a membrane filter with 1 µm pores. The CaCO 3 powder obtained was then dried in an oven at 120
• C for 12 h. The experimental conditions for coating are shown in Table 1 . X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition of the carbonate surface. These measurements were carried out using a PHI5600 ESCA spectrometer with a Mg-Kα X-ray source operating at 400 W. The anode potential was 14 kV. The energy scale was referenced to the well-defined carbon 1s peak (C1s), which has a binding energy of 284.5 eV. The powder used for XPS was applied to an indium plate at a uniform and complete coverage. XPS spectra of layers of increasing depth were obtained by Ar sputtering (acceleration voltage of 4.0 kV, sputtering area of 3 mm 2 ). Particle size and morphology of the powder were examined by scanning electron microscopy (SEM) (Hitachi S-4100L).
Preparation of agents
Instead of CaCO 3 powder, a marble was used in the wetting study. Marble plates were cut into 6 mm×12 mm sections and polished with 1 µm diamond slurry. The samples were coated with CaF 2 by the technique described in Section 2.1. TiH 2 powder with particle size of 10 µm was compacted into cylindrical tablets 15 mm in height using a conventional pressurization technique. The tablets were then cut to obtain straight-edged sections of 6 mm × 12 mm.
Wettability study
The degree of wetting is usually estimated as the contact angle (θ ) formed between a liquid and a solid surface in an atmosphere of gas. The dipping of a solid plate into a liquid metal was employed to study the wetting behavior of liquid Al in contact with solid foaming agents (Fig. 1) . The contact angle was determined from an image contour of the junction of the three phases. If the contact angle is less than 90
• , it can be optically measured since the liquid meniscus formed around the solid is above the horizontal liquid surface. However, because in the present study θ was grater than 90
• , and because liquid metals are opaque, measurements of the contact angle necessitated the use of unconventional techniques, in this case X-ray observation.
The X-ray radioscopic visualization technique used in this study has been described in detail elsewhere. 7, 8) In principle, when an X-ray beam with initial intensity of I 0 passes through a material with thickness d in the direction of the penetrating radiation, the output intensity I is given by:
where (µ/ρ) 0 is the reference mass attenuation coefficient and ρ is the density of the material. A change in the surface profile or differences in the density of the target melt, caused for example by immersion of a solid plate of the different material in the melt, leads to a change in the intensity of X-ray beam emitted. Thus, the liquid meniscus formed around the solid plate due to the interfacial phenomenon can be clearly visualized.
A schematic view of the X-ray apparatus is shown in Fig. 2 . An X-ray beam from a 150 kV source used for general medical purposes (Hitachi Medical Corporation) was passed through a furnace and crucible filled with liquid aluminum. A fluorescent screen placed immediately behind the furnace was used to form an image, which was transmitted via an image intensifier to a CCD camera (XTV-S-420, Hitachi Medical Corporation). The X-ray system was used to observe and record events in the vicinity of the interface between solid plate, Al melt and furnace atmosphere. The output from the camera was displayed on a monitor and recorded either continuously onto videotape or periodically onto PC disk. Some high resolution images were also obtained using high intensity X-ray beams exposured to ordinary medical X-ray film. Selected images were transferred to a computer for image enhancement and measurement of the contact angles from the shape of the Al meniscus on the solid plate.
A 100 g sample of pure aluminium (99.9 mass%) in grains was placed in an alumina crucible (36 mm i.d.) and melted in a resistance furnace in an inert (argon) atmosphere. Temperature of the melt and outside crucible wall was controlled by two Pt-Pt 16% Rh thermocouples. A solid plate of foaming agent was mounted by steel wire at the lower end of an Al 2 O 3 tube, which was in turn fixed tigthly along the vertical central line of the alumina crucible. When the prescribed temperature (690
• C) was reached, the FA specimen was preheated and introduced vertically into the melt at low speed using an automatic device. When the meniscus profile became stable, further entry of the sample into the melt was stopped. Foaming agents were immersed to depths of 5-8 mm. X-ray observation was carried out for 15 min. The optimum condi- tions for image generation in high intensity mode were found to be a 200 mA tube current at 150 kV with an exposure time of 0.12 s.
The experimental conditions for all foaming agents (TiH 2 , coated and uncoated CaCO 3 ) were identical.
Foaming experiment
An aluminium foaming by the conventional FA (titanium hydride) and the experimental calcium carbonates was carried out using a foaming route ALPORAS. 4) Special attention was given to distinguishing the behaviors of coated and uncoated carbonates. 500 g of an aluminium alloy (A 356) was placed in a stainless steel crucible (100 mm i.d.) and melted in a resistance furnace. Ca as a thickening agent was added into the melt at 750
• C while stirring in an ambient atmosphere. After temperature decreased to prescribed value (see Table 3 ), the molten aluminum was mixed with the foaming agent powder. The last then decomposed evolving gas and caused melt to foam. Finally, foam was cooled by fans. The samples were cut and measurements made of foam quality, including density and pores size. The experimental conditions are presented in Table 3 .
Results and Discussion
SEM and XPS surface analysis of foaming agent
coating The morphology of calcium carbonate powder was examined by scanning electron microscopy (SEM). SEM micrographs of the uncoated and coated particles are shown in Fig. 3 . All crystals were identical in shape. Discrete small particles were present on the surface of most crystals. The only difference in surface morphology of uncoated and coated particles was the presence of dissolution traces on the edges of the coated particles. It would appear that coating can not be detected by SEM.
The atomic spectrum of coated carbonate powder revealed by XPS analysis is shown in Fig. 4 . All peaks are labeled in accordance with their corresponded elements. The F1s peak designates F bonded to Ca (F-Ca). This peak occurred throughout a 10 min sputtering period, indicating the presence of calcium fluoride on the carbonate surface. The F1s peak was not detected on uncoated carbonate particles. The Na 1s peak revealed at the beginning of sputtering decreased greatly after 30 s of sputtering. This points to the fact that sodium compounds exist only in patches on the particle sur- face. Probably this occurred due to precipitation during solution filtering at the powder coating stage. The thickness of the calcium fluoride layer can be roughly calculated assuming that particles are of spherical shape, equal in size and uniformly coated by CaF 2 . Fluorine concentration in powder coated for different times was measured spectrophotometrically. The values for the calculations are presented in Table 4 . Results show that the thickness of coating was in the order of 10 nm (Table 5 ). 
Wettability study
X-ray images obtained during several experimental series were processed and contact angles were measured.
It is known 9) that, as a solid is immersed, it contacts the liquid and a meniscus is progressively formed downwards (in the case of non-wetting) until the joining angle is equal to the immersion contact angle. At the same time, any deeper immersion of the solid does not give rise to any further change in the meniscus shape or in the contact angle. During the emersion of the solid, the joining angle changes continuously until emersion contact angle is reached. In the present study, only immersion contact angles were measured.
X-ray observation of the interface between the three phases boundary was carried out for 15 min. No changes in surface profile were observed within this period. The most typical pictures obtained within 5 s after immersion of a solid are presented in Fig. 5 . Marble plate (Fig. 5(c) ) was coated for 60 min. Analysis of these data revealed some differences in the contact angles for different foaming agents. Titanium hydride formed a lower contact angle (130
• C) compared with calcium carbonates, and coated CaCO 3 resulted in a contact angle 15
• less than that formed by uncoated CaCO 3 (θ ≈ 140
• and 155
• , respectively). These observations confirm our expectations that the surface properties of the coated carbonates promote better wetting by the melt.
Mention should be made of some phenomena that are of great importance during wetting studies. Liquid aluminum readily reacts with oxygen in air to form solid aluminum oxide. This layer of solid alumina covers the melt surface and is known to interfere with wetting. [10] [11] [12] The wetting properties of liquid aluminum depend on the thickness of the oxidized layer. However, even a very thin layer is sufficient to alter θ . To protect a melt surface and to ensure a proper examination of the contact zone between phases, ultrahigh vacuum apparatuses, high purity gases or appropriate atmospheres are usually applied. The equipment used in the present study could not ensure these requirements. Therefore, it is likely that a solid alumina layer covered the melt surface so that the wetting data correspond to the metal oxide, rather than to the pure liquid metal. Another important point concerns differences in the solid surface roughness that may introduce errors into the measurements. Finally it should be mentioned that thermal decomposition of the foaming agents started shortly after the solid plates had been introduced into the melt. Gas evolution can interfere with the stability of the interface between phases, which also may alter θ . It seems that little information about the wettability of foaming agents by metallic melts is available in the literature due to this last problem.
These and other factors make it difficult to quantify precisely the wetting angles between pure aluminum and the solid from this type of experiment. Nevertheless, a comparative analysis of wetting behavior for different foaming agents and molten aluminum (covered with an oxidized layer of the same thickness) can be made. This is especially true for comparison of the wetting behavior of calcium carbonates and so for evaluation of the role of coating.
Foaming experiments
The influence of surface coating on foaming ability of the agents was also examined. The sectional views of the samples after foaming and cooling are presented in Fig. 6 . All products were composed of two layers, a foamed layer on the upper part and a non-foamed bulk layer on the lower part. It is apparent that the coated agent (Fig. 6(c) ) ensured a larger foamed fraction than the uncoated one (Fig. 6(b) ), resulting in an increase in sample height and a decrease in total sample density (Fig. 7) (1.0 × 10 3 kg·m −3 compared with 1.7 × 10 3 kg·m −3 ). These results can be explained by the contribution made by agent coating.
It is known that solid particles with poor wettability tend to coagulate in a liquid. In contrast, wetted particles can be well distributed in a liquid without formation of large aggregates. If the solid is the source of a gas, the first occurrence results in fewer bubble nucleation centers in a liquid than the second one does. Consequently the liquid fraction containing bubbles is larger when the second occurrence is operating. Moreover, particles with good wettability can evolve gas easily in comparison with ones with poor wettability. It is likely (a) (b) (c) that in our experiments the particles of coated carbonate were distributed in the melt more uniformly than uncoated one did and produced more foamy melt with lower density. Most important for practical use of the new foaming agents is that coated carbonates produced metallic foam with a density comparable to that of samples treated by titanium hydride (∼ 1.0 × 10 3 kg·m −3 ) (Fig. 7) and with pores (cell size = 1.1 × 10 −3 m) smaller than those produced by conventional hydrides (1.8 × 10 −3 m) (Fig. 8) . It was also determined that a coating period of 40 min is optimum to reduce foam density.
Conclusion
Calcium carbonate coating was prepared by an ion exchange method. A comparative study of the coated and uncoated CaCO 3 was carried out by surface analysis of the particles. The presence of fluoride on the particle surface was revealed. Effect of coating was considered by the examination of wetting behavior of coated and uncoated CaCO 3 by the Al melt. It was determined that coating of CaCO 3 by the CaF 2 resulted in a decrease in contact angle (∼ 15
• ) in comparison with uncoated carbonate. The possibility of using calcium carbonate as a new foaming agent for aluminum was supported following examination of agent foaming ability. Coated carbonate produced metallic foam with a density comparable to that of samples treated by titanium hydride (∼1.0 × 10 3 kg·m −3 ) and much less then uncoated carbonate (1.7 × 10 3 kg·m −3 ). It is believed that this result was caused by wettability enhancement due to the agent coating. For practical use of the new foaming agent, it is important that coated carbonate ensures aluminum foam with smaller pores (1.1 × 10 −3 m) than those produced by the conventional FA, titanium hydride (1.8×10 −3 m). Optimal conditions for agent coating were determined. Carbonate coated for 40 min had an optimum impact on reducing foam density. The present study shows that calcium carbonate is highly applicable to foamed metal production.
